Abstract In this work, we reported a kind of electrical insulating, highly through-plane thermally conductive polyolefin elastomer (POE)-based composites filled with commercial boron nitride (BN) fabricated by a conventional melt-mixing method of two-roll milling, followed by hot compression and mechanical cutting. The as-fabricated composites with BN flakes perfectly aligning vertically in the matrix revealed high through-plane thermal conductivity (6.94 W m −1 K −1 at a BN content of 43.75 vol%), outstanding electrical insulation (4.34× Ω cm at a BN content of 43.75 vol%), and quite good mechanical properties. This fabrication procedure features facile process, industrial equipment, and easy industrialization, and the as-prepared composites with outstanding comprehensive performance are promising for thermal interface materials (TIMs) application.
Introduction
With the continuous increase of the integration density of microelectronics devices, considerable attention has been focused on high-performance thermal interface materials (TIMs) which are used to reduce the thermal resistance and realize efficient heat transferring between chips and heat sinks [1] [2] [3] [4] . For TIM application, high thermal conductivity in through-plane direction, outstanding electrical insulation, and excellent mechanical property are highly desired.
Carbon-based materials and metallic fillers such as graphite [5] , graphite/graphene nanoplateles (GNPs) [6, 7] , graphene [8] , carbon nanotubes (CNTs) [9] , carbon fiber [10, 11] , silver particles, silver nanowires [12] , and copper nanowires [2, 13] have been widely utilized to fabricate polymer-based TIMs owing to their extraordinary inherent thermal conductivity [14, 15] . However, the incorporation of electrically conductive fillers will inevitably cause the great deterioration of electrical insulation performance, which hinders the wide use of these TIMs in next-generation microelectronics devices [16, 17] such as LED devices with chips directly placing on the heat sink, single chip packages [18] , and high-voltage devices. Thus, to ensure the outstanding performance of an electronics device, effective heat dissipation and electronically insulating property are both crucial for TIMs [19] .
Ceramic fillers with high thermal conductivity and electrical insulation such as boron nitride (BN), boron nitride nanosheets (BNNS), aluminum nitride (AlN), aluminum oxide(Al 2 O 3 ), and silicon nitride (SiN) can be introduced into the polymer matrix to improve the thermal conductivity and maintain the electrical insulation performance of TIMs [16, 20] . Owing to that BN has the highest thermal conductivity in a ceramic filler (250-300 W m −1 K −1 [21] or up to 360 W m −1 K −1 [22] ), it has attracted widespread interest [23, 24] . It should be noted that although the BN derivative, BNNS, an analog to graphene, which can be exfoliated from BN, shows more superior thermal conductivity than BN, its low yield and high-cost are the mainly bottlenecks for its industrial application [25] .
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Previous studies on the thermal conductivity of TIMs indicated that the alignment of thermally conductive fillers can make the best of the extraordinarily high in-plane thermal conductivity of BN, CNT, graphene and graphite, and so on [26] [27] [28] . Substantial researches have focused on fabricating paper-like composites with high in-plane thermal conductivity and low through-plane thermal conductivity [29] [30] [31] [32] [33] . For example, pure graphene films with a high in-plane thermal conductivity of 1940±113 W m −1 K −1 have been fabricated [31] . [47] [48] [49] , and constructing a segregated structure [5, [50] [51] [52] . Vertically aliened CNT (VACNT) composites fabricating by the CVD method can provide a high through-plane thermal conductivity and can be used as TIMs [53] . The thermal resistance and through-plane thermal conductivity of VACNT films has been reported as low as 0. were fabricated in which the graphite flakes constructed a 3D thermally conductive network [5] . The through-plane thermal conductivity of BN-based composites reported recently was summarized in Table 1 . It can be seen that still further work should be done to lower down the requirements of sophisticated equipment, long-time preparation, and special treatment of the fillers and to improve the poor electrical insulation performance and poor mechanical properties for industrialized application of BN-based composite TIMs.
In this work, we reported a facile and scalable preparation strategy of a highly through-plane thermally conductive POEbased composites filled with commercial BN fillers without any treatment. The method is based on melt-mixing BN with POE on a conventional two-roll milling, followed by hot compression and mechanical cutting. The as-fabricated composites with BN flakes vertically aligning in the matrix revealed a high through-plane thermal conductivity (6. 2 Experimental section 2.1 Materials BN flakes (Qinghuangdao Yinuo Advanced Material Co., Ltd., China) with the particle size of 10-15 μm and the apparent density of 2.25 g/cm 3 , POE (trade name 3980, ExxonMobil Chemical co., LTD, USA) with the apparent density of 0.89 g/cm 3 were used and dried under vacuum at 50°C for 12 h before use.
Preparation of POE/BN composites
As shown in Fig. 1 , commercially available POE and BN were mixed by conventional melt-mixing on a Two-roll mill (SK-160B, Shanghai Rubber Machinery Factory, China) for 10 min at 90°C first. Then, laminated POE/ BN bulks (10 × 16 × 16 mm 3 ) were compressed at 90°C and 10 MPa for 15 min with POE/BN sheets fabricated by two-roll milling. Finally, the through-plane thermally conductive TIMs (2 × 10 × 10 mm 3 ) were cut from the laminated bulks (see Fig. 1 were fabricated by straightforwardly mixing BN and POE at the same content using a torque rheometer (XSS-300, Shanghai Kechuang rubber Plastics Machinery Set Ltd., China) at 150°C for 5 min. Then, the composites were hot compressed into sheets (2 × 60 × 60 mm 3 ) at 10 MPa and 150°C for 15 min. The corresponding composites were designated according to the loading and the orientation direction of BN in the matrix such as xBN-V, where x is the volume fraction of BN and V means that the BN flakes vertically aligned in the composites, and xBN-V were cut from the laminated bulks perpendicular to the BN orientation direction (and P means that BN flakes parallelly aligned in the composites and xBN-P were cut from the laminated bulks parallel to the BN orientation direction). The composites with a random distribution of BN flakes were named as xBN-comparison, where x is the volume fraction of BN.
Characterization
The morphology of pure BN and POE/BN composites was observed by scanning electron microscope (SEM, JOEL JSM-5900LV, Japan). The cross-sections of the POE/BN composites were prepared by immersing the samples in liquid nitrogen and subsequent fracturing. X-ray diffraction (XRD) patterns of the POE/BN composites were recorded with an X-ray diffractometer (Rigaku, Ultima IV, Japan) using a Cu Kα radiation. Note that the specimens for X-ray measurements were prepared by immersing the samples in liquid nitrogen and breaking in a frozen state by applying an external force. The thermal conductivity coefficient of the POE/BN composites was tested at 25°C with the laser flash technique (Netzsch, LFA 467, USA). The thermal conductivity was calculated by the equation λ = α × ρ × C p , where λ, α, ρ, and C p represent thermal conductivity, thermal diffusivity, density, and specific heat capacity of the composites, respectively. More information concerning the thermal conductivity of the composites can be found in the Supporting Information Table S1 . The volume resistivity of the composites was tested by an insulation resistance tester (U2683, Eucol Electronic Technology Co., Ltd., China). Tensile properties of the composites were tested at 25°C by a universal material testing machine (Instron 5967, USA) with a cross-heat speed of 50 mm/min. Figure 1 shows the schematic representation of the preparation process of through-plane thermally conductive POE/BN composite. The highly through-plane thermally conductive POE/ BN composite was fabricated according to the following procedures: (i) melt mixing POE and BN by a two-roll mill, (ii) POE/BN bulk composites were laminated by hot compression, and (iii) mechanical cutting perpendicular or parallel to the BN flake orientating direction was used to obtain throughplane or in-plane thermally conductive TIMs. Figure 2 shows the SEM images of pure BN and POE/BN composites with different content of BN flakes fabricated by the two-roll milling method and 25.93BN-comparison fabricated by the torque rheometer method. Perfectly vertically aligned BN flakes can be observed in Fig. 2b -e, while in the composites of 25.93BN-comparison fabricated by the torque rheometer method, the BN flakes oriented randomly can be seen (Fig. 2f) . Such alignment of BN flakes with twodimensional structure (Fig. 2a) can make the best of the extraordinarily high in-plane thermal conductivity of BN flakes and construct efficient thermally conductive pathways in the BN orientation directions.
Results and discussions
The orientation of BN flakes in the polymer matrix can be demonstrated by XRD [57] . The XRD patterns obtained from POE/BN-V and POE/BN-P composites are totally different, which proves the orientation of BN flakes (Fig. 3a, b) . For comparison, the XRD pattern of 25.93BN-comparison is shown in Fig. 3c , showing the random distribution of BN flakes in the POE matrix. The ratio of I 100 /(I 100 + I 002 ) can be used to characterize the degree of orientation of BN flakes in the POE matrix (Fig. 3d) . The I 100 /(I 100 + I 002 ) of POE/BN composites fabricated by the two-roll mill method is very close to 1.0 and considerably higher than that of composites fabricated by the torque rheometer method. Note that when the BN flakes have an ideal orientation, the orientation function of I 100 /(I 100 + I 002 ) is 1.0. In contrast, when the BN flakes randomly distribute in the matrix, the orientation function of I 100 /(I 100 + I 002 ) is only 0.3305. The results of XRD are well consistent with the distribution of BN flakes observed in SEM micrographs (Fig. 2b-f) . The thermal conductivity in the orientation direction has a critical dependence on the orientation of fillers [11] , and the strong alignment of BN determines the outstanding heat dissipation capability in the orientation direction. Figure 4 shows the thermal conductivity of POE/BN composites parallel and perpendicular to the BN flake aligning direction as a function of BN content. Owing to the amorphous nature, the thermal conductivity of POE is only 0.21 W m
. However, dramatic enhancement of thermal conductivity of POE/BN-V composites is observed after the incorporation of BN (0.41-6.94 W m-1 K-1), but the thermal conductivity of POE/BN-P maintains very low (0.23-0.72 W m-1 K-1). A maximum thermal conductivity of 6.94 W m −1 K −1 which is about 33 times higher than that of pure POE is obtained for POE/BN-V composites when the loading of BN is 43.75 vol%. As shown in Fig. 4 , the anisotropy factor of thermal conductivity linearly increases with increasing BN concentration (AF = 0.20V f + 1.02), and the same phenomena have been reported for copper/GNPs composites [58] . The significant improvement of thermal conductivity and high value of anisotropy factor (9.62 when the loading of BN is 43.75 vol%) is the result of perfect alignment of BN flakes in the matrix (Fig. 2) . Although electrically conductive property can be tolerated in some fields, electrical conductivity is generally undesired for TIMs [6] . As presented in Fig. 5 , the volume resistivity o b t a i n e d f r o m 4 3 . 7 5 B N -V a n d 4 3 . 7 5 B N -P w a s 4.34×10
14 Ω cm and 4.38 × 10 13 Ω cm, respectively (2.53 × 10 13 Ω cm for pure POE), which is far beyond the electrical insulation range (10 9 Ω cm) [34] . So, the incorporation and alignment of BN flakes dramatically improved the thermal conductivity without substantial change in the electrical insulation property, which guarantees the application of such TIMs in electrical device fields. Figure 6a shows the typical stress-strain curves of 43.75BN and 43.75-comparison. Sample 43.75BN showed an obvious large deformation, whereas the 43.75-comparison quickly broke in the elastic region. As shown in Fig. 6b-d , both the tensile strength and elongation at break decreased and the tensile modulus increased with increasing loading of BN flakes, but the POE/BN composites showed much better mechanical properties than POE/BN-comparison composites with a random distribution of BN flakes. Even when 43.75 vol% BN is introduced, the mechanical properties of POE/BN composite are still quite good (the tensile strength 16.20 MPa, elongation at break~80.21%, and tensile modulus~1326.63 MPa) owing to that the well-oriented BN flakes with high aspect ratio can prevent crack propagation and absorb fracture energy through flake slipping in the tensile direction. Figure 7a shows the temperature variation of a lightemitting-diode (LED) within 300 s. Owing to that 80-90% input energy of LED will be convert to heat [59] and the poor heat dissipation, the temperature of LED sharply increases when pure POE and 43.75BN-P are used as TIMs while the temperature shows a much slower increase when 43.75BN-V is used as the TIM, indicating that vertical alignment of BN flakes and high through-plane thermal conductivity is more desired for TIMs application (optical images of the LED device and the detailed information concerning the test process of the temperature variation of LED can be found in supporting information Fig. S2 ). As shown in Fig. 7b -d, after 180 s when 43.75BN-V is used as the TIM, the temperature of LED was increased to 34.0°C, much lower than 44.0°C (pure Note that the rise of LED temperature will cause the light output power efficiency decreasing, the wavelength shifting, and the lifetime reduction [60] . It have been reported that the lifetime of LED devices decrease exponentially as the temperature increase [61] . The temperature variation of LED with working time suggests that the radiation and heat convection can transfer some heat to the external environment, but most of the heat will be removed to the heat sink, so the high through-plane thermal conductivity is very important for TIMs application.
Conclusions
By a facile method (mixing by two-roll mill, hot compression and mechanical cutting process), POE/BN composites with high thermal conductivity in the through-plane direction (6.94 W m −1 K −1 ), outstanding electrical insulation (4.34×10 14 Ω cm), and quite good mechanical properties are successfully fabricated. The markedly improved throughplane thermal conductivity can be attributed to the extraordinary in-plane thermal conductivity of BN and the perfectly 
